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Abstract: The outdoor ultra-high voltage (UHV) dry-type air-core smoothing reactors (DASR) of High
Voltage Direct Current systems are equipped with a rain cover and an acoustic enclosure. To study
the convective heat transfer between the DASR and the surrounding air, this paper presents a
coupled model of the temperature and fluid field based on the structural features and cooling manner.
The resistive losses of encapsulations calculated by finite element method (FEM) were used as heat
sources in the thermal analysis. The steady fluid and thermal field of the 3-D reactor model were
solved by the finite volume method (FVM), and the temperature distribution characteristics of the
reactor were obtained. Subsequently, the axial and radial temperature distributions of encapsulation
were investigated separately. Finally, an optical fiber temperature measurement scheme was used
for an UHV DASR under natural convection conditions. Comparative analysis showed that the
simulation results are in good agreement with the experimental data, which verifies the rationality
and accuracy of the numerical calculation. These results can serve as a reference for the optimal
design and maintenance of UHV DASRs.

Keywords: dry-type air-core smoothing reactor (DASR); finite volume method (FVM); fluid-solid
coupling; temperature field; ultra-high voltage (UHV)

1. Introduction

Dry-type air-core smoothing reactors (DASR) are primary inductive devices used in
ultra-high-voltage direct current (UHVDC) lines for their high linearity, low running-noise, and simple
structures. DASRs function as harmonic filtration and short-circuit current limiters in an UHVDC
system [1]. Temperature distribution and thermal stability are two critical parameters for long-term
operation. For ultra-high-voltage (UHV) applications, the thermal stability and environmental
protection requirements of DASRs are stringent. When a DASR is operated outdoors, a rain cover and
an acoustic enclosure are used to protect it from aging caused by weather phenomena and increasing
noise levels. Such installations limit the convective heat transfer between the DASR and the air
and thus may cause overheating. If local overheating occurs, the device lifetime will be reduced.
Therefore, the temperature distribution characteristics of UHV DASRs are critical for optimal design
and temperature rise monitoring.

Early studies of reactors mainly focused on the electromagnetic environment, such as calculation,
measurement and shielding of magnetic fields [2–5]. With the rapid development of numerical methods
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and computer performance, research on smoothing reactors is becoming more and more detailed, the
loss and temperature distribution of reactor have also become research hotspots [6–12].

Conventionally, an empirical formula was often used to calculate the average temperature rise of
DASRs, but the concept of average temperature rise was not clear. The highest temperature was likely
to exceed the maximum allowable temperature of any insulating material used, when the average
temperature meets the standard limit. The finite element method was used to calculate the temperature
field distribution with the convection coefficient obtained by the Nusselt number [13]. However, the
convection coefficient obtained by using the Nusselt number was also not accurate enough, and the
calculated values and the measured values might have large differences.

DASRs dissipate heat through natural convection. The primary heat source consists of resistance
losses and eddy current losses. Liu et al. [11] calculated the heat source of encapsulations and the
temperature distribution in the reactor with a field-circuit and fluid-solid coupling model, and the
simulation results agreed well with the test data. Wang et al. [12] studied the impact of structural
parameters of the noise reducing cover on the temperature rise characteristics, and some optimization
was conducted. The UHV DASR has a complex structure and encapsulations, which makes it difficult
to establish and solve the three-dimensional temperature field model.

In recent years, coupling simulation of the temperature field of electric devices has attracted
increasing attention from scholars, which could provide a frame of reference for research on UHVDC
DASRs. A magnetothermal finite element method (FEM) was used to calculate the temperature rise of
an extra-high-voltage GIS bus bar [14]. The solid-surface convection heat-transfer coefficients were
calculated from the Nusselt number, and closely matched the measurements. A study combining
computational fluid dynamics (CFD) with parallel computing was performed to analyze conjugate
heat transfer in natural convection in dry-type transformers [15]. By CFD and with an electromagnetic
coupled model, Smolka and Nowak incorporated a genetic algorithm into CFD to realize the shape
optimization of coils and cooling ducts in dry-type transformers [16]. Li et al. [17] combined
numerical and analytical calculations to determine the heat transfer coefficients on rotor surfaces,
and calculated and analyzed the 3D temperature field of large hydro-generator rotor excitation
windings. Ahn et al. [18] coupled thermal fields with electromagnetic and fluid fields, calculating
the temperature rise with consideration for the temperature-dependent properties of the material
and eddy loss. Deng et al. conducted temperature rise simulations of a five-encapsulation air-core
reactor, examining the relationship between air velocity and hot-spot temperature rise under forced
air-cooled conditions [19]. At present, for the temperature field calculation of DASR, most existing
studies have used a 2D model, ignoring the changes in radial variation of temperature, which is
different from reality.

The abovementioned studies have established a foundation for research on UHVDC DASRs.
To accurately determine the 3-D temperature field distribution of a DASR with rain cover and acoustic
enclosure, a finite volume method (FVM) was employed to calculate the fluid and thermal field by
coupled analysis, thereby discerning the distribution properties of the temperature field. The results of
simulations and tests can provide a reference for monitoring and supervising temperature rises and
verifying the thermal stability of UHV DASRs.

±800 kV-UHVDC DASRs are selected as the research objects of this paper. According to the
fundamental theory of numerical heat transfer, a mathematical model was established to solve the
steady state of coupling fluid and thermal field. Section 2 describes the structure of the air-core reactor.
The calculation model takes into account the impact of the border rain cover and acoustic enclosure.
On the basis of heat sources and boundary conditions, the temperature and fluid fields inner reactor
were calculated by using FVM. In Section 3, analysis of the temperature distributions of the reactor is
provided, focusing on the axial and radial temperature distributions of the encapsulation. In Section 4,
an optical fiber system is employed to test the temperature rise of a DASR. Comparison analysis
revealed that the calculation and testing results were consistent, verifying the accuracy of the solution
method. Finally, the conclusions are presented in Section 5.
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2. Methods

2.1. Governing Equations

UHV DASRs dissipate heat through natural convection, and heat transfer between the reactor and
air satisfies the heat convection equation. Air flow and heat transfer follow the fundamental physic
rules: law of conservation of mass, momentum, and energy [20].

Air in the reactor could be considered as an incompressible fluid, and the flowing air satisfies the
law of conservation of mass [20]:

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (1)

where ρ is the density of the fluid, kg/m3, u, v, w are vectors of airflow velocity in Cartesian
coordinates, m/s.

The fluid flow is determined by the law of momentum conservation, which satisfies the steady
state conditions of the 3D Navier-Stokes equations [20]:

div(uU) = div(υgradu)− 1
ρ

∂p
∂x

div(vU) = div(υgradv)− 1
ρ

∂p
∂y

div(wU) = div(υgradw)− 1
ρ

∂p
∂z

(2)

where υ is the fluid kinematic viscosity, m2/s; U is the vectors of fluid velocity, m/s; p is the fluid
pressure, in Pa.

Heat exchange of fluids satisfies the law of energy conservation [20]:

div(UTf ) = div(
λ

ρcp
gradTf ) +

ST
ρ

(3)

where λ is the thermal conductivity, W/(m·K); Cp is specific heat, J/(kg·K); ST is a fluid source term.
According to heat transfer theory, the boundary conditions of the three-dimensional steady

temperature field in the reactor are [21]:
∂

∂x (λx
∂Ts
∂x ) +

∂
∂y (λy

∂Ts
∂y ) +

∂
∂z (λz

∂Ts
∂z ) + QV = 0

∂Ts
∂n

∣∣∣
Aj

= 0

h(Ts − Tf ) + λ ∂Ts
∂n

∣∣∣
As

= 0

(4)

where Ts, Tf is the solid and fluid temperature, K; λx, λy, λz are the thermal conductivity of materials in
the x, y, and z direction, respectively, W/(m·K); QV is the heat generation rate of unit volume, W/m3;
h is the heat transfer coefficient of the solid surface, W/(m2·K). Aj, As are separately the adiabatic
surface and heat-dissipating surface.

2.2. Basic Parameters

A ±800 kV-DASR with rated inductance of 75 mH and rated current of 3125 A, is used as an
example. For long time running, the maximum current is 3461 A. Moreover, the 2-h overload current
can be up to 3795 A, and the very short time overcurrent can be 20 kA. Under normal operation, the
rated loss, average temperature rise, and the hot-spot temperature rise should be less than 235 kW,
70 K, and 90 K, respectively.

The DASR was composed of a main body, an oblique support platform, a grading ring, and
other connectors. The oblique support platform could increase the reactor’s antiseismic performance.
The main body of the reactor consisted of 21 layers of coaxial encapsulations and other components,
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including spacers, a rain cover, an acoustic enclosure, a silencer, spider arms, and braces. Figure 1
depicts the main body and the model structure. The upper and lower spider arms were used as the inlet
and outlet terminals of current in the encapsulation, bolstering the mechanical strength of the reactor.
Formed by extrusions of unsaturated polyester, spacers were distributed radially in each encapsulation
layer to transfer heat through natural convection cooling in the reactor. The winding wires in the
encapsulation were bundled, lightweight, transposed aluminum cables coated with polyester films,
which enable inter-turn insulation, thereby effectively reducing eddy current losses between parallel
windings. Epoxy-glass was used for insulation between the windings.
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Figure 1. Structural diagram of a reactor’s main body and calculation model: (a) ±800 kV-DASR;
(b) the model structure.

2.3. Hypothetical Conditions

The main body of the ±800 kV-DASR presents a complex structure, with 21 encapsulation layers,
thus exhibiting a great disparity between the height and the thickness. The encapsulation height was
3.85 m, and the maximal radial thickness was 38 mm, thereby making mesh generation more difficult
during computation. Because the spider arms and braces were small and thin, their obstruction
to cooling air was limited. Thus, the effect of the spider arms, braces, and spacers were ignored
in modeling. The computational model was simplified to a 1/4 circumferential region to facilitate
mesh generation. Subsequently, the coupling fluid and thermal field of DASR in natural convection
was simulated. According to the convection structure and natural cooling method, the following
hypothetical conditions were proposed:

(1) This research focuses on the temperature rise in the encapsulation of the main body of the reactor.
The calculation was aimed to examine the air flow and temperature distribution in the reactor.

(2) The effect of the braces, spider arms, and spacers were ignored in modeling. The structure of the
reactor main body exhibited circumferential symmetry, which indicates that the symmetry plane
of the encapsulation, rain cover, acoustic enclosure, and silencer of the calculation model are heat
insulation surfaces.

(3) As the temperature differences and heat radiation ratio were small, the encapsulation transferred
inner heat primarily through convection and conduction. The outer surfaces of the rain cover
and acoustic enclosure were air-cooled through convection and radiation heat transfer and have
a surface emissivity of 0.9 [11].

(4) The Reynolds number inside the silencer was represented as follows [20]:

Re =
ud
υ

= 45, 991 > 8000 ∼ 12, 000 (5)
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where the internal diameter of acoustic enclosure d equals 1.2 m, air flow velocity u equals
0.65 m/s, and the kinematic viscosity of air υ equals 16.96× 10−6 m2/s. Thus, a turbulence model
was employed to determine the solution for the coupled fluid and thermal field of the reactor.

1. The encapsulation was regarded as an isotropic integral of materials, the parameters of the
simulation were showed in Table 1 according to [19]. The equivalent volume heat density of the
encapsulation was calculated using FEM.

Table 1. Parameters of the simulation.

Materials Air Encapsulation Epoxy-Glass

Thermal conductivity/(W·m−1·K−1) 0.0242 2 0.4

Density/(kg·m−3)
incompressible gas (density

varies with temperature) 2719 2000

Dynamic coefficient of viscosity/(kg·m−1·s) 1.7894 × 10−5 - -

Specific heat/(J kg−1·K−1) 1006.43 871 535

2.4. Boundary Conditions

The boundary conditions of the coupled fluid and thermal field of the proposed ±800 kV-DASR
were as follows:

(1) The environment temperature during the testing process was 33.4 ◦C (306.55 K).
(2) The air in the reactor was considered to be an incompressible fluid in natural convection.

The pressure inlet boundary was the lower-end surface of the encapsulation and the acoustic
enclosure. The three interfaces between the rain cover, acoustic enclosure and ambient air are
set to be the pressure outlet boundary (Figure 1). The relative pressure of the pressure outlet
boundary was 0 Pa and the inlet flow velocity was 0.65 m/s.

(3) The natural convection equations of vertical flat and vertical cylindrical convection in heat transfer
theory were used to calculate the convective heat transfer between the air and the outer surfaces
of the rain cover and the acoustic enclosure [20]:

Gr =
gαV ∆TL3

υ2

Nu = C(Gr · Pr)
n

h = λNu
L

(6)

where Gr is the Grashof number; Nu is the Nusselt number; Pr is the Prandlt number; constant
C and index n are determined by Gr value; g is the gravitational acceleration, m/s2; αV is the
expansion coefficient, 1/K; υ is the kinematic viscosity of air, m2/s; ∆T refers to the temperature
difference between the air and the wall, K; L is the characteristic length (i.e., height) of the acoustic
enclosure, m; and h is the convective heat transfer coefficient, W/(m2·K).

The encapsulation layers were numbered incrementally from inside to outside as Layers 1–21.
A DC of 3480 A was loaded, resistive losses of encapsulations are calculated by FEM, that are
available to compute the equivalent volume heat density of each encapsulation, as shown in Table 2.
Encapsulation Layer–3 exhibited a maximum equivalent volume heat density of 13,556.48 W/m3.
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Table 2. Equivalent volume heat density of the encapsulation.

Encapsulation Number 1 2 3 4 5 6 7
Heat Density (W/m3) 8505.70 11,203.07 13,556.48 10,600.52 12,238.34 10,367.21 11,991.10

Encapsulation Number 8 9 10 11 12 13 14
Heat Density (W/m3) 11,135.47 12,622.39 12,850.74 12,626.13 11,083.75 12,345.76 10,682.18

Encapsulation Number 15 16 17 18 19 20 21
Heat Density (W/m3) 11,746.26 11,235.45 10,071.47 11,282.76 10,190.63 10,118.61 8511.31

2.5. Grid Model

ANSYS ICEM software was employed to mesh the 1/4 circumferential model of this reactor
model. The mesh generation followed the direction of the hypothetical flow of cooling air, and it was
established by using structural grids. The grids of encapsulations are refined. The mesh model had
642,698 elements and 515,777 nodes. The simulation was performed on a high-performance server with
a hex-core processor and 128 GB of memory. The mesh generation takes about 3 h and the calculation
takes about 0.5 h.

3. Calculation Results

3.1. Analysis of the Temperature Field

Based on the mesh model, hypothetical conditions and boundary conditions, the coupling fluid
and thermal field simulation for the ±800 kV-DASR is performed in FLUENT (ANSYS, Canonsburg,
PA, USA). The temperature distribution is depicted in Figure 2. The highest temperature was 391.16 K,
18 cm away from the upper surface of Layer–18. The temperature rise was 84.61 K, lower than the
standard requirement of 90 K under rated losses [1]. Figure 3 shows the temperature distribution of
Layers 19–21.
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Figures 2 and 3 show that the temperature at the upper end of the encapsulation layers was
higher than that of the middle and lower-end regions. Large ventilation quantity and low temperature
rise were observed at the area where the silencer was installed. The upper ends of Layers 18–20
were heat concentrated areas. In addition, the thermal conditions of the reactor can be tested more
effectively by monitoring the temperature rise in the internal encapsulation rather than by monitoring
the temperature rise in the external rain cover and acoustic enclosure surface. Thus, compared
with infrared methods, the optical fiber temperature measurement method was more suitable for
supervising the temperature of UHV DASRs.

3.2. Analysis of the Fluid Field

Figure 4 reveals the air flow velocity of the reactor. The mass flow rate of the air inlet was
2.0769908 kg/s and the mass flow rate of air outlet was −2.0772743 kg/s, generating a net difference
of −0.0002834797 kg/s. The convergence of the fluid mass conservation was satisfactory. Because of
the absence of structures that hindered air flow, maximum velocity was observed at outlet 3 of the
acoustic enclosure, followed by the flow velocity around the silencer and acoustic enclosure.
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Changing the air flow velocity of the inlet, the relationship between the maximum hot-spot
temperature rise and the flow velocity in the calculation domain was studied. Results are shown in
Figure 5, which showed a nonlinear decrease. Within the range of 0.5 to 0.8 m/s, the inlet flow velocity
and the ventilation quantity increased, whereas the maximum hot-spot temperature decreased.
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3.3. Distribution of the Encapsulation Temperatures

Axial paths for observation were established along the outer surface of the encapsulations.
The axial temperature distribution in Layers 5, 6, 19, and 20 is shown in Figure 6.
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As shown in Figure 6, the axial temperature distributions in different encapsulation layers
presented identical tendencies, which could be divided into three areas according to the temperature
rise rates. In the [0 m, 0.45 m] area, which is located at approximately 12% of the axial height of the
lower-end encapsulation, the encapsulation was near the cooling air inlet, therefore, the turbulence of
the air flow was not fully developed, thereby creating a weak convective heat transfer, and a high axial
temperature rise rate was observed in this part of the encapsulation. In the [0.45 m, 3.67 m] area, which
is located at approximately 84% of the axial height of the middle-end encapsulation, the air turbulence
developed as the airway length increased. The enhanced convective heat transfer between the air and
the encapsulation surfaces slowed the rise rate of the encapsulation axial temperature in this area.
In the [3.67 m, 3.85 m] area, which is located at approximately 5% of the axial height of the upper-end
encapsulation, the air in the airways flowed from the encapsulation and converged in the acoustic
enclosure, strengthening the air heat conduction. The temperature at the encapsulation’s upper end
demonstrated a decreasing tendency.

At the height of 5/6 of the encapsulation height H, a radial path was employed to observe the
radial temperature distribution of encapsulations and airways. The path is from the inner diameter of
Layer–1 (Rin = 0.94 m) to the external diameter of Layer 21 (Rout = 2.13 m). As shown in Figure 7, among
all of the encapsulations, Layer–18 exhibited the highest temperature, followed by Layer–20. The hot
region concentrated on the upper end of Layers 18–20. The radial thicknesses of the encapsulations
and the airways were thin. The upper peaks represented the encapsulation temperatures, whereas
the lower peaks represented the airway temperatures. The substantial difference between the thermal
resistance of the encapsulations and the airway generated a considerable difference in temperatures.
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4. Temperature Rise Test and Result Analysis

To verify the accuracy of the numerical calculation of the coupling fluid and thermal field,
temperature rise testing on the DASR was conducted according to the IEC 60076-6 standards [22].
The steady temperature rise of the DASR under overloaded current was measured.

4.1. Testing Approaches

When an UHVDC converter station is operated normally, the DC flowing into the DASR, the
resistance loss and harmonic loss induced by harmonic currents are heat sources for the reactor.
However, loading mixed-frequency currents is not feasible in the testing process. According to the
equivalent loss principle, mixed-frequency currents were converted to equivalent DC values.

In order to minimize the effect of a strong electromagnetic environment on the measurement
results, a fiber optical sensor and fiber grating interrogator were employed to measure the reactor
temperature in the temperature rise test. The scanning frequency of the FBG interrogator is 200 Hz.
The range and the resolution of measurable optical wavelengths are 1525–1565 nm and 1 pm.
The accuracy of measured wavelengths is ±3 pm.

The measuring range of the fiber grating sensor is−30–200 ◦C. In order to reduce the transmission
losses of the fiber, the fusion point numbers of the fiber were reduced as much as possible. Thus, all
the temperature measurement components and the arrangement of the reactor are made of the same
fiber. The fiber used to transmit the signal on the reactor is all installed in the epoxy protection tube
to protect it from mechanical damage. The encapsulation height H was 3.85 m. At a 15 cm distance
from the outer upper-end surface of the encapsulation, 12 temperature measurement points were
deployed evenly along the circumference. The testing schema and the deployed measurement points
are shown in Figure 8. Fiber grating sensors were applied on the outer surfaces of Layers 1–20 and the
inner surface of Layer–21. When the test began, continuous DC of 3480 A was loaded to induce the
temperature rise. After approximately 2 h, the temperature rise stabilized. The temperature rise values
of each encapsulation measurement point were then recorded and averaged. The meteorological
conditions during the testing were as follows: air pressure of 101.2 kPa, an environment temperature
of 33.4 ◦C (i.e., 306.55 K), a relative humidity of 60%, and a wind velocity of 0.1–1.2 m/s.
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4.2. Test Results and Verification of the Calculation

Figure 9 shows the measured and simulation values of the temperature rise in the reactor.
Examining the simulation and measured temperature rise values of the 21 encapsulations reveals that
2/3 of the encapsulations (i.e., 14 layers) had temperature differences controlled within 5 K. Layers 7–17
demonstrated favorable agreement between the simulation and measured values, yielding relative
errors lower than 6%. The difference value did not exceed 6.19 K. The measured and simulation values
for Layers–16 and Layers–20 differed substantially, presenting temperature differences higher than
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10 K. The considerable difference was attributable to a simplified calculation model, and the errors
were induced by environmental factors and measurements during the testing process. The simulation
model ignored the effect of the spacers between the encapsulations on the temperature rise. However,
in practice, spacers between airways cannot be evenly distributed along the radial direction and in
the same quantity. Several measurement points on the encapsulations were near the spacers, which
influenced the measurement results. The connectors between Layer–1 and the silencer and acoustic
enclosure were ignored, thus exerting a certain effect on the temperature rise in Layer–1. In addition,
the measured and simulation values for the remaining 18 encapsulations (6/7 of the total number)
differed by less than 8.07 K, with relative errors lower than 7.5%. Regarding the correlation between
the simulation and measured values [23], Pearson’s correlation coefficient was 0.79, suggesting a strong
correlation, which indicates that the simulation value was in agreement with the measured value.
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5. Conclusions

In this paper, the steady-state temperature field of an UHVDC DASR is analyzed. The studied
±800 kV-DASR has 21 encapsulations, and it is equipped with a rain cover and an acoustic enclosure
when operated outdoors. A simulation model has been presented, taking the impact of these
components on the air flow into account. Using the finite volume method, the fluid and temperature
fields inside the DASR were obtained. Results show that the axial temperature distribution in the
encapsulation can be divided into three distinct areas according to their rise rates. The hot region was
concentrated on the outer encapsulations in the radial direction while the highest temperature rise
was lower than the standard limits of 90 K [1]. The calculated results showed good agreement with
the experimental data. The calculation model and methodology in this paper offer a foundation for
supervising the temperature rise in such reactors and be applied to studying the fluid-solid coupling
temperature field for other high voltage devices.
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ρ Density of the fluid, kg/m3

x, y, z Cartesian coordinates, m
u, v, w Vectors of airflow velocity in Cartesian coordinates, m/s
υ Fluid kinematic viscosity, m2/s
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p Fluid pressure, Pa
λ Thermal conductivity, W/(m·K)
Cp Specific heat, J/(kg·K)
ST Fluid source term
Ts Solid temperature, K
Tf Fluid temperature, K
λx, λy, λz Thermal conductivity in x, y, and z direction, W/(m·K)
QV Heat generation rate of unit volume, W/m3

h Heat transfer coefficient of the solid surface, W/(m2·K)
Aj Adiabatic surface
As Heat dissipating surface
Gr Grashof number
Nu N usselt number
Pr Prandlt number
g Gravitational acceleration, m/s2

αV Expansion coefficient, 1/K;
υ Kinematic viscosity of air, m2/s
∆T Temperature difference between the air and the wall, K
L Characteristic length (i.e., height) of the acoustic enclosure, m
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